Abstract The manufacture of emerging products such as photovoltaic devices requires combinations of various novel materials to be leveraged into successful, scalable approach. In order to develop new electronic devices, it is necessary to find innovative solutions to the eco-sustainability problem of materials as substrates for circuits. We report on the demonstration of polymer solar cells fabricated on optically transparent and conductive graphene nanoplatelets (GNPs)-cellulose nanocrystals (CNC) film. The solar cells fabricated on the GNPs/CNC films display good rectification in the dark. Such GNPs-CNC functional films are expected to be attractive for eco-friendly electronics.
Introduction
Cellulose, one of the world's most abundant natural and renewable biopolymer resources, finds applications in many spheres of modern industry [1] .
Cellulose molecule chains connect with each other through hydrogen bonding to form larger units known as elementary fibrils which are packed into larger microfibrils with 5-50 nm in diameter and several micrometers in length.
Cellulose nanocrystals (CNC), extracted by an hydrolysis process uses sulfuric acid to remove the amorphous cellulose and form highly crystalline cellulose [2] , are typically rigid rod-shaped monocrystalline cellulose domains, 1-100 nm in diameter and from tens to hundreds of nanometers in length, depending on the species, cultivar and agronomical characteristics (e.g., plant maturity and characteristics of the soil) from which cellulose is obtained. CNC, characterized by a crystalline structure and a very large surface area (ca. 150 m 2 /g), can be produced from acid hydrolysis of plant fibers, such as cotton of lignocellulosic materials and of marine cellulose, produced by tunicates [3] [4] [5] [6] and they represent nanocrystalline domains with elastic moduli around 150 GPa [7] .
Graphene, a new class of two-dimensional sp2 carbon nanostructure, holds great promise for potential applications in many technological fields such as optoelectronics [8] . Liquid phase exfoliation of graphite nanoplatelets represents an effective method to prepare cheaply and easily large quantities of dispersed graphene [9] [10] [11] .
The possibility to integrate electronic and optoelectronic functions of graphene within the production methods of the paper industry is of current interest to enhance and to add new functionalities to paper [12] [13] [14] .
Recently, polymer solar cells have been fabricated on CNF substrates [15] . However, these devices suffer of poor rectification, mainly because of the relatively rough surface of the CNF substrates (with a surface height variation of 40 nm) [15] .
Films made of CNC were found to form monolayers by spin coating [16] . Due to the low dimension of the crystals such films are optically transparent and can be utilized as windows for optoelectronic devices. On the contrary, CNC are electrical insulators. The mix with conductive nanocarbons preserving their optical transparency could represent an interesting match for potential functional applications.
In this work, we report on transparent and conductive CNC/graphene nanoplatelets layers to be integrated in polymer solar cells. It is reported how such composites prepared from GNP dispersion with CNC represent a method for manufacturing an interesting substrate for organic solar cells, because it is inexpensive, low-weight, and it can be recycled. Furthermore, the use of such layer could represent an adjunct value in terms of recyclability and biodegradability of such devices.
Experimental section
Graphene nanoplatelets were purchased from Grafen Ò (GNP-HZN-BS grade; diameter and thickness of GNPs were assumed from scanning electron microscopy imaging to be 15 lm and 30 nm, respectively). GNPs were dispersed in tetrahydrofuran (THF) (10 mg/mL; 1 wt%) and left into an ultrasonication bath for 1 h.
Cellulose nanocrystal suspension was prepared from microcrystalline cellulose (MCC, supplied by Sigma Aldrich) by sulfuric acid hydrolysis following the recipe used by Cranston and Gray [17] . Hydrolysis was carried out with 64 % (wt/wt) sulfuric acid at 45°C for 30 min with vigorous stirring. After removing the acid, dialysis and ultrasonic treatment were performed. The resultant cellulose nanocrystal aqueous suspension was approximately 0.5 wt% (i. e. 5 mg/ mL) by weight and the yield was ca. 20 %. The obtained CNC showed the typical acicular structure with the dimensions ranging from 100 to 200 nm in length and 5-10 nm in width as previously reported [18, 19] . In order to obtain a stable CNC solution in organic, the solvent CNC were modified with an acid phosphate ester of ethoxylated nonylphenol. The CNC modified with surfactant were prepared by adding the Beycostat A B09 (CECA S.A.) surfactant, to the water suspension containing nanocrystals in portion of 4/1 (wt/wt) using an estimated weight of CNC directly after the hydrolysis process. After freeze-drying, THF was directly added to the cellulose powder forming 1 wt% suspension that was then exposed to sonication (Vibracell, 750) for 1 min in an ice bath.
By trial and error approach, it was found that 10 mL CNC suspension (0.5 wt%) added to 10 mL GNP solution (1 wt%) was the best composition; it was observed that an increase of the amount of the CNC suspension leads to a GNP concentration too low and thus far from the electrical percolation threshold concentration as reported below. On the contrary, an increase of the GNP suspension induced a phase separation on the resulting dried films. The mixing process was performed in an ultrasonication bath for 20 min at room temperature [18, 19] .
The samples for the characterizations were prepared by drop casting onto indium-tin-oxide (ITO) coated glass substrates two different quantities of the final solution (200 and 10 lL). The films were left to evaporate at room temperature under nitrogen stream.
The morphological features of both neat CNC and GNPs-CNC nanocomposite film were investigated using atomic force microscopy in tapping mode and field emission scanning microscopy. Contact angles were measured with a FTA 1000 Series instrument equipped with a CCD camera. Deionized water droplets were dropped carefully onto the surfaces and the contact angle was monitored statically as a function of time.
The photovoltaic device was prepared by spin coating (1000 rpm, 20 s) from an o-dichlorobenzene (ODCB) solution of the Poly[N-9 0 -heptadecanyl-2,7-carbazole-alt-5,5- 
Results and discussion
Figure 1a displays a vial containing the GNPs-CNC dispersion. The resulting dispersion was stable up to 1 week after its preparation and appears without visible aggregates. Figure 1b shows an AFM image of GNPs-CNC film, drop cast from 10 lL solution onto ITO substrate. The GNPs into the CNC matrix can be clearly distinguished by the AFM phase image. The phase contrast differences recorded between GNPs (elastic modulus &8 GPa [20] ) and CNC can be explained in terms of the different surface stiffness of the two components. Separated CNC appeared between extended GNP zones.
The electrical conductivity of a composite is strongly dependent on the fraction of the conductive phase, the GNPs in our case. At low fractions and low connectivity, the conductivity remains very close to the conductivity of the matrix, in this case neat CNC. At the percolation composition, the conductivity changes significantly (over more than 4 decades). In other words, below this concentration the composites are very resistant to electrical flow, whereas above this value the composites are conductive. According to the processing technique adopted in our work and the GNPs used, percolation threshold of 1 wt% has been found.
FESEM analysis shows visibly aggregated pure CNC appear on ITO (Fig. 1c) .
The morphology of the samples was found to influence the wettability behavior of CNC and GNPs-CNC films on glass substrate as reported in Table 1 . The contact angle measurements of GNPs-CNC indicate a lower contact angle value with respect to those measured for neat glass substrate and CNC film, respectively. The nature of the added hydrophilicity when GNPs were added is attributed to the flatter surface morphology of the GNPs-CNC film (see Supporting Information).
The formation of a percolative network of GNP layers in presence of the nanocrystalline cellulose (Fig. 1d) is confirmed by the current-voltage characterization where the poor electrical conductivity of CNC was enhanced by the presence of GNPs in the composite. As illustrated in Fig. 1e , the transmittance of the GNPs-CNC film is relatively high. The measured spectrum was corrected with transmittance of a bare glass/ITO substrate. The solar cell geometry as well as a fabricated device are shown in Fig. 2a . In this type of photovoltaic cell, the electron donor (i.e., PCDTBT) and electron acceptor (i.e., PC70BM) are mixed together, forming a polymer blend. When the polymer blend absorbs the light passing through a transparent optical window and the diffusion length of the photo-generated charges is similar to the length scale of the blend, electrons move to the acceptor domains then were collected by one electrode (the cathode, Al layer in our device) and holes were pulled in the opposite direction and collected at the other electrode (the anode, ITO/GNPs-CNC in our device).
To fabricate such polymer solar cells as mentioned before, a transparent or semitransparent electrode is needed for light to reach the photoactive layer. For the bottom electrode (i.e., anode), a transparent and conducting ITO film on glass was used. On the ITO layer, a semitransparent conductive (above the electrical percolation) thin film of GNPs-CNC was deposited. The GNPs-CNC layer performs three functions: (i) the planarization of the ITO surface, (ii) the matching of the ITO interface energy with the active layer, and (iii) its action as a hole only (electron blocking) transport layer.
The reflectivity of the Al top electrode (Fig. 2a) further demonstrates the surface smoothness of the GNP-CNC film and the uniformity of the active layer on the GNP-CNC film. Figure 2b shows the current density-voltage (J-V) characteristic of the solar cell fabricated on ITO/GNP-CNC substrate in the dark and under illumination. In the dark, the device shows a large rectification ratio of about 10 5 at 2 V (Fig. 2c ). This indicates a large work function contrast between ITO/GNPs-CNC and Al electrodes and the matching of the ITO interface energy with the active layer. Under illumination, the device shows V OC = 0.3 V, J SC = 1,9 mA/cm 2 , and FF = 0.30, yielding PCE = 0.2 %, averaged over 3 devices (Fig. 2b) . The shortcircuit current density value on solar cells processed on GNP-CNC film is higher than the J SC value obtained on ITO substrate (Fig. 2d) . This result indicates that the prepared nanocomposite with conducting inclusions (GNPs) in the insulating matrix (CNC) is in its percolation state collecting and maximizing the photogenerated electrical charges (i.e., the holes) as transport layer.
The obtained device has still modest performance compared to state-of-the-art devices [21] ; the low PCE value obtained is mainly attributed to the lower transmittance of the ITO at 550 nm compared to neat GNPs-CNC. The possibility to realize free-standing transparent CNC substrates and the ability to tune CNC substrates (composition, orientation, interfaces, etc.) should allow further optimization of their optical properties and to achieve possible PCE of traditional devices fabricated on glass substrates.
Conclusions
In this paper, we reported the realization of transparent and conductive GNPs-CNC film to be integrated in polymer solar cells. The GNPs-CNC layer is optically transparent enabling light to go through, and has a low surface roughness which is important to get a polymer solar cells with a large rectification ratio in the dark. Furthermore, the GNPs-CNC layer allows the deposition of polymeric photosensitive layer using spin coating techniques from non-aqueous solution. The polymer solar cell fabricated on the GNPs-CNC film reached a higher short-circuit current density value than that measured on the device deposited on uncovered ITO substrate, demonstrating its enhanced electron blocking action. Optimization of the mechanical properties of the CNC phase should lead to truly fully recyclable solar cell technology. The optical transparency with the electrical conductivity of the GNPs-CNC layer should be matched with the mechanical brittleness of the CNC component to obtain in the next future flexible and foldable printed optoelectronic devices.
